Recent advancements of nanowire (NW) photodetector performances are reviewed. This review focuses on the key performance improvements and strategies towards low-cost device fabrication, fast photoresponse time, high wavelength selectivity and high sensitivity, which are among the most important characteristics of NW photodetectors. Representative reports demonstrating significant improvements in the aforementioned device properties are summarized and analysed. NW networks are emerging as promising structures than conventional single NW devices which are facing NW assembly problem and require expensive and intense lithography steps. The network devices are also advantageous in achieving fast photoresponse time due to the fast response rate of junction barriers. High wavelength selectivity in NW photodetectors was achieved with ternary alloyed NWs with tunable bandgaps and hence cut-off wavelengths. Ternary oxides with larger bandgaps than those common binary oxides were found to be superior candidates for selectively deep-UV detection. Sensitivity can be improved by functionalizing the NW channel with polymer or making use of the piezoelectric property of the NWs. The progresses made in improving photodetector performances are expected to greatly accelerate their practical applications. An outlook and future research directions are also presented.
INTRODUCTION
Photodetector is one of the most important applications of semiconductor nanowires (NWs) and has attracted extensive attentions recently. [1] [2] [3] [4] [5] [6] [7] The novel nanostructures with unique properties are expected to be superior building blocks for nanoscale photodetectors than their bulk or thin film counterparts. The high surface-to-volume ratio and unique one-dimensionality of NWs are highly desirable * Author to whom correspondence should be addressed.
characteristics for the fabrication of high-performance photodetectors. Future research in NW photodetectors towards practical applications aims to achieve low-fabrication cost, fast photoresponse time, high wavelength selectivity, high sensitivity, high stability, excellent performance consistency, etc. Significant progresses have been made recently towards commercialized applications and were summarized in several excellent reviews previously. 3 8 9 In this review, we first give a brief summary of the nanomaterials investigated for photodetector applications to date. Then we present the recent progresses in NW photodetectors in the following 4 aspects: (1) low-cost device fabrication, (2) fast photoresponse time, (3) high wavelength selectivity and (4) high sensitivity. Our review focuses on the development of photodetector design and performance improvements in these 4 categories and is different from the previous review articles, which mainly focused on the types of NW materials 3 or types of device configurations. 9 We first summarized the recent progresses towards low-cost device fabrication, which is a crucial determining factor for potential large scale industrial application. Interestingly, it has been evidential that NW networks were found to be promising alternative solutions than individual NW for the fabrication of low-cost photodetectors with superior performances. [10] [11] [12] Subsequently, progresses towards fast photoresponse time are presented, with special focus on NW network devices 10 11 and Schottky-type photodetectors. 13 Progresses towards high wavelength selectivity include research in ternary wide bandgap oxides 14 and ternary alloyed materials 15 will be highlighted. Polymer surface functionalization 5 and utilization of piezo-phototronic effects 1 were recently demonstrated to be efficient methods to enhance the photodetector sensitivity. Finally, this review ends with conclusion and a panoramic outlook. The present review article outlines the representative developments on photodetector performances, focusing on the innovative works which may significantly advance photodetector applications.
NANOMATERIALS INVESTIGATED
Numerous nanomaterials have been investigated for photodetector applications. Table I summarizes the typical groups of materials investigated in literature for NW photodetector applications. For each type of material, only one representative reference is provided to give a sample view although there are more works on the similar material. Majority of the research works were focusing on inorganic nanomaterials, especially semiconductor NWs (Table I) . Some reports on the metal, superconductor and organic NW photodetectors can also be found. Photodetectors based on inorganic semiconductor NWs in particular oxide nanostructures in general are stable, cost-effective and easy to be fabricated considering the well-established synthetic methods for metal oxide NWs. Thus, oxide NW 4 ZnSe, 19 ZnTe, 20 CdS, 21 CdSe, 22 CdTe, 22 InP, 23 Recently, NW networks have attracted much interest as alternative detection channels in photodetectors. The facile and low-cost fabrication processes of network devices allow potential large-scale industrial fabrication of NW photodetectors. A typical assembly method of NW networks and its corresponding device fabrication processes are shown in Figure 1 . 64 After growing the Si NWs using conventional chemical vapour deposition (CVD) method, surface functionalization of the SiNWs were carried out ( Fig. 1(a) ). 64 Surface functionalization is a critical process to obtain stable NW dispersion, without which the suspension solutions began to aggregate even after few hours. 64 The NW assembly and consequent device fabrication processes can be carried out using simply the conventional micro-fabrication techniques as shown in Figure 1(b) . The neutral regions were patterned by PL and covered with methyl-terminated octadecyltrichlorosilane (OTS) SAM, 64 which facilitates hydroxyl groups (−OH) adsorption on SiO 2 surface. Selective and preferential adsorption of the surface functionalized Si NWs with positive surface charge onto the negatively charge regions can be realized and almost nothing were adsorbed on the neutral region due to the lack of electrostatic attraction force. Metal electrodes were patterned on those assembled NW networks simply using conventional low-cost micro-fabrication techniques. Scanning electron microscopy (SEM) images of the assembled NW network devices are shown in Figures 2(a and b) , respectively. 64 An optical image of the device arrays is depicted in Figure 2 (c) with a detailed view of individual device shown in the inset. Output characteristic from a network device is shown in Figure 2(d) . 64 Typical n-type semiconducting behaviour can be clearly viewed, as expected for the n-type Si NWs. This shows that the entangled NW networks can function as efficiently as previous single NW devices, but allow much lower fabrication cost.
Similar field effect transistors (FETs) using randomly dispersed ZnO NW networks were also reported (Ref. [12] ). The fabrication of network devices requires less intense lithography steps compared with single-NW devices and hence requires low fabrication cost. The ZnO NW networks/lawns were generated by a direct stamping process by pressing the donor substrate against the receiver substrate. 12 The receiver substrate was functionalized with poly-L-lysine to enhance adherent force. 65 For a given donor NW density and pressing pressure, the NW density in the networks can be properly controlled via the number of consecutive stamping processes. 12 Typical optical and SEM images of the macro-electronic devices are shown in Figure 3(a) . 12 The channel length of the device shown in Figure 3 (a) is 20 m. As can be clearly viewed, the source and drain were not bridged directly by individual NW; instead, the conducting channel was composed of multiple interconnected NWs. 12 Transfer characteristics of such network devices with different channel lengths (5, 15, 20 and 50 m) are shown in Figure 3 (b). 12 Typical n-type semiconducting behaviours were observed for all the devices indicating good connectivity for those channel lengths investigated. The variation in ON current is attributed to the increase of nodes in the networks with longer channel lengths and hence increase of the overall resistivity. 12 The authors showed that NW network devices with reliable and consistent performances can be readily fabricated with much lower fabrication cost. Those network devices may serve as promising alternative configurations for single-NW devices for optoelectronic applications, such as photodetectors.
Recently, we have reported the comparative studies of NW network and single NW photodetectors attained via facile fabrication processes and detailed its superior performances. 10 11 The schematic illustration of the single NW and NW network photodetectors and the respective photoresponse behaviour are shown in Figure 4 . 10 The Ge NW networks were formed by dispersing NW solution on the pre-patterned electrodes. Randomly oriented and entangled Ge NW networks can be observed lying between the electrodes when the solution was dried. Single NW devices were fabricated via similar methods by controlling the NW concentration in solution. Schematic diagrams and I-V curves for those single-NW and network devices are shown in Figure 4 . 10 Good Ohmic conductance was observed for the single-NW devices while the I-V curve for network devices were typically asymmetric due to the different contact points and interfacial conditions at the source/drain electrodes. 10 It should be highlighted that the conducting mechanisms are different for single-NW and network devices. The resistance is dominated by the NW conducting channel itself in the single-NW device with Ohmic contact, however, the resistance is dominated by the NW-NW junctions in the network devices. 10 We suggest that this unique conducting mechanism for network devices are particularly useful for photodetector applications with fast response and reset time (see discussion in the following section).
Fast Photoresponse Time
Fast response and reset time is one of the highly desirable properties for future high-speed photodetectors, especially for the tracing of light with varying intensity/wavelength. However, conventional photodetectors using single NW detection channels usually gave a response and reset time in the range of tens of second or even up to hours. 6 7 13 66 67 Designing novel NW photodetector configurations or sensing mechanisms to achieve fast photoresponse time is a crucial requirement for future applications. In this section, we summarize the recent progresses in improving the response and reset time of NW photodetectors.
Fast photoresponse time has been observed in photodetectors using NW networks. 10 11 The switching behaviour of single Ge NW photodetector and network devices are shown in Figures 4(c and f) , respectively. While the reset time (defined as the time require to fully recover to initial value) for single Ge NW photodetector is > 70 s, fast reset time (< 1 s) was observed for network devices (Fig. 4(f) and Fig. 5(a) ). 10 The fast response and reset time of network devices enables the efficient tracing of rapidly changed incident light. A typical multi-step switching behaviour of network device is shown in Figure 5 (b). 10 The fast photoresponse time in network devices is attributed to the unique junction-dominated conduction mechanism. Unlike single NW photodetector, the resistance of network channel is dominated by the NW-NW junctions ( Fig. 5(d) ). 10 The conduction and valance bands of Ge would bend upwards at the Ge/GeO x surface due to the negative charge induced hole accumulation. 68 This band bending would pose as conduction barriers for either electrons or hole transporting through the percolated networks. This NW-NW junction is sensitive to incident light. When the NW is illuminated with light, electron-hole pairs would be generated and holes would be attracted to the surface to fill the negative charge traps, resulting in a lowering of the effective barrier height. Consequently, the conductance of the network would change significantly due to the dominate role of the NW junctions. The reset time for single NW device, which is associated with the surface adsorption and desorption of oxygen molecules, is usually quite slow (> 70 s). The response rate of junction barrier, which can be treated as two back-to-back Schottky barriers, is much faster. 10 13 69 Analogously, fast photoresponse time was also observed in zinc germanate (Zn 2 GeO 4 , ZGO) NW network photodetectors. 11 Schematic diagrams of the ZGO network devices is shown in Figure 6 (a). The network was formed by dispersing ZGO NW solution on the pre-patterned electrodes. Figure 6 (b) is a typical I-V curve for the network device with (red curve) and without (black curve) 265 nm UV light illumination. 11 Switching behaviour of the device is shown in Figure 6 (c), with enhanced view of current increase and decay processes shown in Figure 6(d) . Fast response time (0.3 s) and reset time (0.2 s) was observed. 11 Detailed characterizations showed that fast photoresponse time was exclusively observed for all the network devices. 11 The fast photoresponse time was also attributed to the unique junction dominated conductance in the network devices, 11 70 71 which is not available in single-NW devices.
Zhou et al. reported the use of Schottky contacts to improve the photoresponse time of ZnO NW photodetectors.
13 Figure 7 shows the comparative studies of ZnO NW devices with Ohmic and Schottky contacts. 13 Analogous to most of the previous reports, ZnO NW photodetector with symmetric electrodes (Au/Ti) showed Ohmic behaviour and a slow photoresponse time, due to the slow processes of oxygen adsorption and desorption. 13 The current cannot recover to its initial value even after ∼2500 s (Fig. 7(b) ). 13 However, a fast reset time of 0.8 s (in their work defined as the time needed to recover to 1/e) was observed in NW device with Schottky contact. The Schottky devices were fabricated as following: Pt microelectrodes were first deposited on SiO 2 /Si substrates using photolithography; ZnO NWs were transferred to the substrate via dry scratching; one end of the device was treated using FIB to deposit additional Pt:Ga contact to improve the contact conditions. With the untreated end of poor contact conditions, Schottky conductance was observed for such devices. The fast photoresponse rate was attributed to the intrinsic properties associated with the Schottky barrier. When UV light was turned on, new electron-hole pairs were generated, leading to a rapid increase of the carrier density and hence lowering of the effective barrier height. When UV light was turned off, the carriers would combine and the barrier height would increase rapidly and dramatically. Oxygen is only required to be re-adsorbed to the interfacial Schottky contact region to recover the barrier conditions. 13 As a result, the response and reset time is much faster than the NW device with Ohmic contact, where the resistance is dominated by the NW itself and oxygen need to be re-adsorbed to the whole surface to restore the current value.
Operation of photodetectors with intentionally created Schottky contacts is similar to the network devices, where the switching is also determined by the junction barriers (back-to-back Schottky barriers). Fast photoresponses were observed in both type of devices. However, the fabrication of Schottky contacts for single-NW device requires complex, high-cost and low-yield lithography steps, which may limit their future industrial applications which require cost-effective large scale fabrication.
Polymer functionalization was found to be an efficient way to improve the photoresponse time of NW photodetectors. 13 The current would decay to its initial value within 20 ms for Schottky-type ZnO NW photodetectors functionalized with PDADMAC and PSS polymers (Fig. 8(b) inset) . 13 This is much faster than the reset time > 400 s for device with Ohmic contact (Fig. 7(b) ) and 0.8 s for device with only Schottky contact ( Fig. 7(d) ). The underlying mechanisms for the improvement by surface coating is not fully understood yet. 13 It might be possible that the polymer coating affects the response rate of the Schottky barrier and lead to further enhancement in photoresponse rate or the enhancement was due to the interaction of surface coating with NW volume. The authors did not report the effect of surface coating on Ohmic devices, which may shed light on this issue.
Recently, Bando and Golberg group has made significant progresses in the area of NW photodetectors. 2 Figure 9 shows the representative characterizations of In 2 Se 3 NW photodetectors. 2 Devices based on single NW were fabricated using EBL (Figs. 9(a and b) inset) and responded to the incident visible light (500 nm). Fast response and reset time of 0.3 s (measurement limit of the experimental setup) were observed ( Fig. 9(d) ).
2 Similar fast photoresponse time was also observed in a series of photodetector reports using other materials.
2-4 14 19 21 25 26 34 72 73 Further efforts are still needed to fully understand why significant improvements were observed although similar device configurations with previous reports were adopted (e.g., single NW devices with symmetric electrodes and no surface decoration). However, the ultrafast photoresponse time down to the order of several ms or s does represent dramatic improvements over previous studies.
High Wavelength Selectivity
High wavelength selectivity is an important characteristic for practical photodetection applications. Recently, remarkable processes have been made to fabricate NW photodetectors with high wavelength selectivity, especially those using wide bandgap semiconducting NWs. As a typical example, the photodetector performances of novel ternary indium germanate (In 2 Ge 2 O 7 , IGO) nanobelts are shown in Figure 10 .
14 IGO is a wide bandgap semiconductor (E g = 4 43 eV) and has received increasing attention recently. Several unique 1D IGO nanostructures have been successfully synthesized, including microtubes, semi-nanotubes, NWs, nanobelts and hierarchical nanostructures. 14 74-77 Representative SEM and transmission electron microscopy (TEM) images of the single-crystalline IGO nanobelts are shown in Figures 10(a and b) , respectively.
14 Spectral response of single nanobelt photodetector ( Fig. 10(d) inset) is shown in Figure 10 (c).
14 The IGO device showed selective high response to deep-UV light (< 290 nm), with the highest responsivity at 230 nm. 14 The logarithmic plot of the spectral response gives a more detailed view of the responsivity throughout the wavelength range investigated (Fig. 10(d) ).
14 It should be highlighted that the responsivity at 230 nm is 2-3 and 3-6 orders of magnitude higher than that in UV and visible light range, respectively. 14 This is consistent with the cut-off wavelength based on IGO bandgap of 4.43 eV (∼280 nm) and was verified by the optical absorption spectrum (peaked at 244 nm). IGO nanobelt photodetector is an excellent example of wide bandgap semiconductor devices with high wavelength selectivity. Reports on the usage of other binary and ternary wide bandgap semiconductor NWs in photodetectors can also be found in recent literature. 4 11 13 Compared with binary semiconductors with bandgaps below 4 eV, novel ternary semiconductors (such as ZGO, 11 72 IGO 14 are advantageous for selective deep-UV detection. With further developments on the controllable synthesis of those wide bandgap ternary materials, they are expected to play crucial roles in the area of selective deep-UV detection. Another group of ternary alloyed semiconductors with tunable compositions can also function as photodetectors with tunable wavelength selectivity. This type of materials was usually formed by alloying two binary semiconductors with similar chemical composition or crystal structure. For example, ternary In x Ga 1−x N NWs with completely tunable chemical composition (from InN to GaN) were synthesized via a combinational CVD method. 78 As a result, the NW emission spectra can be continuously tuned from near-UV to near-infrared range. 78 This type of alloyed materials can also be used in photodetectors to efficiently control the wavelength selectivity.
Recently, Yoon et al. demonstrated the photodetecting properties of Zn x Cd 1−x Se (0 ≤ x ≤ 1) NWs. 15 Structural characterizations of the alloyed NWs with different Zn concentrations are shown in Figure 11 . 15 All the NWs were single-crystalline except that stacking faults were observed in pure ZnSe NWs (Figs. 11(a-b) ). 15 Crystal phase of the alloyed NWs transformed from cubic zinc blende (Zn-rich) to hexagonal wurtzite (Cd-rich) structure between 31% and 72% of Zn content. 15 Optical properties of the alloyed NWs are shown in Figure 12(a) , which can be used to determine the bandgap variations (Fig. 12(b) ). 15 The NW bandgap can be continuously tuned from 1.74 eV (CdSe) to 2.69 eV (ZnSe) with different Zn concentrations and this is highly desired for photodetector applications since the cut-off wavelengths are usually associated with the bandgaps. Spectral responses of the alloyed NWs with different compositions are shown in Figure 12(c) . 15 As can be clearly viewed, higher responsivity was observed when the excitation wavelength was shorter than the cut-off wavelength. The longest cut-off wavelength was observed for CdSe with the smallest bandgap, which is consistent with theoretical expectations. The switching behaviours of 3 representative devices (ZnSe, Zn 0 31 Cd 0 69 Se and CdSe) are shown in Figures 12(d-f) , respectively. 
High Sensitivity
Sensitivity is an indispensable characteristic of NW photodetectors. High sensitivity is of great importance for the efficient detection of incident light with weak intensity. Recently, Wang et al. reported an novel approach to improve the sensitivity of ZnO NW photodetector by 5 orders of magnitude using polymer coating. 5 Typical photo-switching behaviours of the ZnO NW photodetectors with and without coatings are shown in Figure 13 (a). 5 The native NW device without polymer coating showed a relatively low sensitivity (green line, ×10000). Devices coated with PS-co-Mac showed an improved sensitivity (black line, ×1000) and the best performance was achieved in those coated with PSS (red line). 5 However, PSS alone did not show any response to 280 nm UV light (blue line, ×500). The giant enhancement was attributed to the enhanced UV adsorption capabilities via surface funationalization. 5 In order to further explore the adsorption capabilities of different polymers, UV adsorption spectra of 4 different polymers were measured ( Fig. 13(b) ).
5 While PS-co-Mac (dark line), PNIPAM (blue line) and CMC (green line) only showed adsorption in the range of 190-200 nm, prominent adsorption peak was observed for PSS at ∼260 nm, which is close to the wavelength of incident light (∼280 nm). The sensitivity enhancement via PS-co-Mac, PNIPAM and CMC coating can be understood via the trapping and delayed recombination of electrons and holes. 5 In brief, the surface coating will enhance the trapping of free electrons. Upon UV illumination, more holes would be attracted to the surface and result in a longer carrier lifetime and hence larger sensitivity. 5 However, this is not sufficient to explain the different enhancing capabilities between PSS and other polymers. PSS can adsorb or capture the incident phonons (∼280 nm) more effectively than other polymers ( Fig. 13(b) ). 5 Moreover, it is likely that the ground state energy of PSS lies between the bandgap of ZnO, acting as a "hopping" state to facilitate the excitation of electrons to ZnO conduction band. This PSS-assisted hopping process will greatly enhance the utilization of incident phonons and lead to giant sensitivity improvement.
Another efficient approach to improve the sensitivity of ZnO NW photodetector using piezo-phototronic effect was reported recently. 1 The ZnO NW devices were fabricated on a flexible PS substrate, with one free end bended using a 3D stage to apply a compressive or tensile strain. 1 Detailed device performances showing the sensitivity enhancement are shown in Figure 14 .
1 Figure 14 (a) is the dark I-V curves of the ZnO NW device under different stains and essentially no difference could be observed. Figures 14(b and c) are the I-V curves of the device under stain with illumination intensities of 2 2 × 10 −5 W cm −2 and 3 3 × 10 −2 W cm −2 , respectively. 1 The current difference is more prominent at negative bias with smaller illumination intensity, with the largest sensitivity improvement observed at compressive strain (−0.36%) (Fig. 14(b) ). 1 The absolute current verses excitation intensity under different strains are plotted in Figure 14 (b) to give a better comparative view of the performances. A sensitivity enhancement of 530% was achieved by applying a −0.36% compressive stain on the NW device illuminated with 4.9 pW incident light (372 nm). 1 Minor Schottky barriers exist at the source and drain contacts for those ZnO NW photodetectors and the barrier height can be modified by the piezo-potential generated via applied stain. Under the specific device configurations, compressive strain would lead to a barrier height reduction at drain contact due to the positive piezopotential. 1 Consequently, the current level, i.e., responsivity would be enhanced compared that without strain. The enhancement is less prominent at high light intensity due to the screening effect 1 originating from the large amount of free electrons and holes. However, in dark conditions, the device resistance is dominated by the NW volume instead of the Schottky barrier. As a result, the effect of applied strain and hence piezo-potential is not as prominent as that with illumination.
CONCLUSIONS AND OUTLOOK
In conclusion, we have presented the recent progresses in NW photodetector design and performances, including progresses in low-cost device fabrication, fast photoresponse time, high wavelength selectivity and high sensitivity. NW network devices, which only require facile and low-cost fabrication techniques, are considered as promising device configurations than single NW. Electronic and optoelectronic properties of network devices were characterized to be comparable or even superior than single NW devices. Facile and efficient assembly methods of NW networks have been demonstrated, which will further advance their applications. The network devices also showed fast photoresponse time, as have been shown in ZGO and Ge network devices. The enhanced photoresponse time was attributed to the unique NW-NW junction barrier in network devices, which is not available in single NW devices. Construction of Schottky-type photodetectors was also found to be an efficient method to enhance the photoresponse time. Ternary oxide nanostructures with wide bandgaps, such as IGO nanobelts, were demonstrated to be excellent candidates for selective deep-UV sensing. Tunable wavelength selectivity was achieved by forming alloyed Zn x Cd 1−x Se NWs with different compositions and hence bandgaps. Sensitivity of ZnO NW photodetector was enhanced by 5 orders of magnitude via polymer functionalization, which was attributed to the polymer facilitated UV adsorption and electron transfer. Proper utilization of the unique piezo-electric properties of ZnO NWs also leads to significant enhancement of the NW photodetectors.
Apart from the progresses summarized in this review, other properties such as high stability and excellent performance consistency are also of crucial importance. Extensive efforts are still needed to fill the gap between lab research and commercial applications despite the significant progresses in the past years. Future research may mainly focus on: (1) Improve NW alignment and network assembly methods to yield large scale uniform distribution, which is important for the fabrication of single NW and network device arrays with consistent performances. (2) Improve the photodetector device configuration. Network devices and Schottky-type devices are significantly advances compared with conventional single-NW device with Ohmic contacts. However, more efforts are needed to further develop and optimize those methods. Alternatively, other innovative device configurations may be developed to yield high-performance devices. (3) Enhance the controllability over the nanostructure design. Properties are closely related to the morphologies, compositions, doping or functionalization of the nanostructures. Thus it is of crucial importance to enhance the controllability to design novel and complex nanostructures with desired properties, which may potentially be used to enhance the photodetector performances. (4) Integration of NW photodetectors to enable greater functionalities. Fabrication of medium or large scale integrated photodetector devices is certainly one of the future research directions. The integrated photodetector arrays may be used for more efficient light sensing and light imaging than individual devices. Moreover, photodetectors may be integrated with other devices on a single chip to enable greater functionalities, such as biological photometric sensing, 9 or self-powered nanophotonic circuits for chemical sensing. 79 
